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Temporal	  and	  spatial	  programming	  in	  soft	  composite	  hydrogel	  
objects	  
Ross	  W.	  Jaggers	  and	  Stefan	  A.	  F.	  Bon*a	  
Soft	   composite	   hydrogel	   objects	   formed	   from	   the	   biopolymer	  
sodium	  alginate,	   the	  enzyme	  urease,	  and	  oil	  droplets	  are	   formed	  
by	   a	   simple	   gelation	   procedure	   to	   produce	   autonomous	   bodies	  
with	   both	   time	   and	   spatial	   programming.	   These	   continuous	  
objects	   of	   non-­‐uniform	   dimensional	   composition	   selectively	  
respond	  to	  an	  environmental	  stimulus	  of	  urea	  and	  disintegrate	  at	  
pre-­‐defined	   locations	   within	   the	   hydrogel	   structure	   after	   pre-­‐
defined	   time	   intervals.	   The	   spatial	   and	   temporal	   responses	   of	  
these	  hydrogels	  to	  an	  environmental	  stimulus	  are	  valuable	  tools	  in	  
areas	  such	  as	  soft	  robotics.	  	  	  	  	  	  	  	  	  	  	  	  	  
Soft,	   flexible	   and	   deformable	   structures	   are	   commonplace	   in	  
nature,	   where	   evolution	   has	   developed	   elegant	   and	   efficient	  
designs	   to	   accommodate	   a	   wide	   range	   of	   functions.1	   For	   many	  
years,	  nature	  has	  inspired	  the	  creation	  of	  machines	  capable	  of	  ‘life-­‐
like’	   tasks,2	   and	   these	   efforts	   have	   spawned	   the	   field	   of	   research	  
known	   as	   soft	   robotics.	   This	   discipline	   seeks	   to	   create	   soft	  
structures	  capable	  of	  adaptation,	  with	  a	  sensitivity	  and	  agility	   that	  
can	  supersede	  mechanical,	  hard-­‐bodied	  robots.3,4	  	  
Soft	   robots	   can	   have	   the	   ability	   to	   perform	   shape	  
transformations,5,6	   for	   example,	   muscles	   like	   actuation,7,8	   or	  	  
undergo	   locomotion,9–11	   and	   can	   interact	   with	   their	  
environments.12,13	   They	   are	   typically	   composed	   of	   hydrogels,14,15	  
polymers16,17,	   including	   elastomers,18–20	   and	   must	   be	   robust.21,22	  
However,	  the	  majority	  of	  soft	  robots	  are	  still	  composed	  of	  both	  soft	  
and	   rigid	   counterparts,	   the	   latter	   being	   required	   for	   power	   and	  
control.23,24	  
A	  key	  challenge	   in	  this	  field	   is	  the	  design	  of	  entirely	  soft	  robots,	   in	  
which	   responsive	   autonomous	   behaviour	   and	   function	   is	   built	   in	  
and	  programmed.	  An	  impressive	  soft	  robotic	  system	  is	  the	  octobot,	  
capable	  of	  the	  catalytic	  decomposition	  of	  an	  on-­‐board	  fuel	  to	  power	  
arm	   movement.25	   This	   example	   offers	   a	   soft	   analogue	   of	   the	  
previously	   existing	   hardware	   version	  of	   itself,	   and	   shows	   that	   soft	  
systems	   can	   be	   programmed	   to	   act	   in	   an	   autonomous,	   robotic	  
fashion.	   Furthermore,	   large	   (millimetre	   scale)	   soft	   objects	   have	  
been	  designed	  to	  interact	  with	  their	  environments,	  such	  as	  the	  soft-­‐
robotic	  ray	  that	  swims	  in	  response	  to	  a	  light	  source,26	  the	  hydrogel	  
actuator	   that	   walks	   in	   an	   electric	   field,14	   the	   tissue-­‐engineered	  
jellyfish	  that	  propels	  in	  an	  electric	  field,27	  and	  the	  sequentially	  self-­‐
folding	  shapes	  formed	  from	  shape	  memory	  polymers.28	  	  	  	  
Critically,	   a	   soft	   object	   of	   this	   nature	   should	   be	   capable	   of	   non-­‐
uniform,	   autonomous	  behaviour	  when	  provided	  with	  a	   fuel.	   Large	  
soft	  objects	  need	  to	  be	  built	  in	  a	  way	  that	  their	  structures	  can	  vary,	  
in	  order	  to	  introduce	  different	  functionalities	  into	  different	  parts	  of	  
the	  object	  and	  allow	  for	  more	  complex	  behaviours,	  such	  as	  spatial	  
or	  temporal	  programming.29	  	  	  
In	   this	   work,	   we	   show	   that	   soft	   hydrogel-­‐based	   objects	   can	   be	  
programmed	   to	   carry	   out	   non-­‐uniform	   actions	   across	   their	  
structures	   when	   exposed	   to	   a	   single	   fuel	   source,	   based	   on	  	  
principles	   outlined	   in	   our	   previous	   work.30	   We	   demonstrate	   the	  
Figure	   1	   Schematic	   describing	   the	   behaviour	   of	   ionically	   cross-­‐linked	   hydrogel	  
objects:	   (1)	   the	   semi-­‐permeable	   soft	   object	   converts	   the	   fuel	   source,	   urea,	   to	  
ammonia,	   due	   to	   the	   inclusion	  of	   urease	   in	   selected	   parts	   of	   its	   structure	   (2)	  
after	  a	  defined	  period	  of	  time,	  urea	  containing	  regions	  of	  the	  object	  generate	  a	  
local	  pH	  increase.	  	  Time-­‐programming	  is	  possible	  due	  to	  the	  bell-­‐shaped	  activity	  
curve	  of	  urease,	  depicted	   in	  the	  figure37	  with	  an	  enzyme	  rate,	  v'	  =	   (1	  +	  2	  x	  10-­‐9	  
/[H+]	  +	   [H+]/5	  x	  10-­‐6)	   -­‐1	   (3)	  partially	  protonated	  ethylenediaminetetraacetic	  acid	  
(EDTA)	   is	   found	   in	   the	   low	   pH	   (3.50)	   environment.	   As	   the	   pH	   of	   the	   urease	  
containing	   regions	   of	   the	   object	   increases,	   EDTA	   is	   locally	   deprotonated	   and	  
chelates	  calcium	  ions	   from	  the	  hydrogel	   (4)	   loss	  of	   ionic	  cross-­‐linking	  results	   in	  
the	  disintegration	  and	  collapse	  of	  the	  urease	  containing	  regions.	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temporal	   and	   spatial	   responsive	   nature	   of	   the	   soft	   bodies	  
programmed	  by	  non-­‐uniform	  distribution	  of	   the	  enzyme	  urease	   to	  
introduce	   triggerable	   active	   zones	   in	   the	   otherwise	   dormant	   jelly.	  
These	  active	  zones	  process	  the	  trigger	  fuel,	  urea,	  to	  create	  local	  pH	  
gradients	  that	  alter	  the	  object’s	  structure,	  as	  depicted	  in	  figure	  1.	  In	  
its	   simplest	   form	   (Generation	   1)	   we	   show	   a	   temporal	   and	   spatial	  
colour	  change,	  associated	  with	  a	  local	  change	  in	  pH.	  The	  concept	  is	  
then	  extended	  to	  control	  of	  material	  disintegration	  (Generation	  2).	  	  
Hydrogel	   objects	   are	  made	   from	   viscous	   aqueous	   solutions	   of	   the	  
biopolymer	   sodium	   alginate,	   sourced	   from	   brown	   algae.	   Gels	   are	  
easily	   formed	   upon	   exposure	   to	   Ca2+	   (aq).30,31	   Sodium	   alginate	   is	  
used	   widely	   in	   the	   pharmaceutical	   and	   food	   industries	   due	   to	   its	  
lack	  of	  toxicity	  and	  high	  biocompatibility,32	  and	  is	  a	  good	  candidate	  
for	   building	   soft	   sustainable	   materials.33	   We	   used	   a	   templating	  
strategy	   to	   fabricate	   centimeter-­‐sized	   structures,	   typically	   a	   few	  
millimeters	   thick.	   	   Templates	   corresponding	   to	   the	   desired	   soft	  
object	   shape	   were	   printed	   using	   a	   FormLab	   2	   SLA	  
microstereolithographic	   printer.	   Aqueous	   sodium	   alginate	  
formulations,	   termed	   ‘pre-­‐gels’,	   were	   	   loaded	   manually	   into	  
designated	   regions	   of	   the	   printed	   templates.	   These	   were	  
immediately	   ionically	   cross-­‐linked	   by	   spraying	   a	   liquid	   aerosol	   of	  
calcium	  chloride	  solution	  onto	  them	  (see	  Figure	  2	  for	  schematic).	  	  
The	  ‘pre-­‐gel’	  formulations	  used	  contained	  different	  ingredients	  such	  
as	   coloured	   oil	   droplets	   and/or	   pH	   indicator	   dye,	   and	   specified	  
amounts	  of	  the	  enzyme	  urease.	  	  Urease	  is	  introduced	  to	  these	  soft	  
objects	   to	   spatially	   control	   pH	   over	   time.	   The	   enzyme	   is	   trapped	  
inside	   the	   gel	   and	   does	   not	   migrate	   or	   diffuse	   (see	   supporting	  
information,	   figure	  1).34,35	  Urease	  raises	  the	  pH	  by	  converting	  urea	  
into	   ammonia	   and	   carbon	   dioxide,	   which	   we	   introduce	   as	   the	  
trigger	  into	  the	  liquid	  environment	  in	  which	  the	  gels	  are	  placed.	  	  
The	  regional	  concentration	  of	  entrapped	  urease	  regulates	  the	  local	  
increase	  in	  pH	  as	  a	  function	  of	  time.	  Time-­‐programming	  is	  afforded	  
due	   to	   the	   bell-­‐shaped	   pH-­‐activity	   curve	   of	   urease	   and	   its	  
associated	   auto-­‐catalytic	   behaviour.	   Low	   enzyme	   activity	   is	  
Figure	   3	  A	   continuous	   soft	   object	   is	   formed	   from	  both	   inactive	   (white)	   regions	   that	   contain	   no	  urease,	   and	   active	   regions	   (coloured)	   that	   contain	   urease	   at	   a	  
concentration	  of	  20	  g	  L-­‐1	  and	  the	  pH	   indicator	  bromothymol	  blue.	  This	  object	   is	  placed	   in	  a	  bath	  of	  EDTA	  and	  urea	  at	  concentrations	  of	  0.1	  and	  0.45	  mol	  dm-­‐3,	  
respectively,	  at	  a	  pH	  of	  3.5	  (hence	  the	  yellow	  regions).	  Once	  the	  active	  regions	  have	  processed	  the	  urea	  into	  ammonia,	  the	  pH	  locally	  rises	  (above	  the	  indicating	  pH	  
of	  7.6)	  to	  produce	  a	  blue	  colour.	  	  	  See	  supporting	  video	  for	  the	  full	  sequence.	  Scale	  bar	  =	  1	  cm.	  An	  RGB	  line	  scan	  is	  taken	  across	  the	  width	  of	  the	  most	  left	  leaf	  at	  
the	   following	   time	   intervals:	   t	   =	   0	  n,	   t	   =	   26	  l,	   t	   =	   38	  p,	   t	   =	   68	  Ð,	   t	   =	   136	  ê,	   and	   t	   =	   263	  É.	   From	   these,	   the	  hue	   angle	   is	   calculated	   (used	   as	   a	   numerical	  
representation	  of	  colour)	  and	  plotted	  against	  the	  distance	  of	  the	  line	  scan	  in	  graph	  A.	  This	  graph	  shows	  the	  change	  in	  colour	  across	  the	  width	  of	  the	  leaf.	  Plotting	  
the	  hue	  angle	  over	  time	  at	  selected	  locations	  across	  these	  line	  scans	  (signified	  by	  the	  dashed	  lines	  in	  graph	  A	  and	  as	  follows:	  pixel	  distance	  =	  4	  n,	  =	  10	  l,	  =	  18	  p,	  =	  
30	  ê,	  and	  =	  40	  Ð)	  produces	  graph	  B.	  This	  graph	  depicts	  the	  change	  in	  colour	  of	  the	  leaf	  over	  time.	  	  
Figure	  2	  Schematic	  depicting	  the	  synthesis	  of	  soft	  responsive	  objects.	  1)	  The	  
object	  template	  is	  designed	  and	  printed	  using	  CAD	  and	  an	  SLA	  laser	  printer	  2)	  
The	   ‘pre-­‐gel’	   is	   loaded	   into	   the	   template	   in	   the	  desired	   arrangement	  3)	   the	  
pre-­‐gel	   is	   ionically	   cross-­‐linked	   upon	   exposure	   to	   a	   0.1	   mol	   dm-­‐3	   aqueous	  
solution	  of	   calcium	   chloride	  hexahydrate	   4)	   following	   cross-­‐linking,	   the	   soft	  
object	   is	   removed	   from	   the	   template.	   Active	   regions	   contain	   the	   enzyme	  
urease,	  whilst	  inactive	  regions	  do	  not.	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observed	  at	  low	  pH	  values;	  the	  generation	  of	  base	  elevates	  the	  pH	  
into	  the	  higher	  activity	  window	  of	  the	  bell-­‐shaped	  pH-­‐activity	  curve,	  
providing	  a	  positive	   feedback	  mechanism.	  As	  the	   initial	   increase	   in	  
pH	   follows	   sigmoidal	   behaviour,	   the	   introduction	   of	   a	   dormancy	  
period	   by	   variation	   of	   urease	   concentration	   is	   possible	   (see	   figure	  
1).	  	  
We	   will	   first	   discuss	   Generation	   1	   hydrogels	   where	   the	   temporal	  
and	  spatial	  pH	  responses	  manifest	  themselves	  as	  colour	  changes.	  	  
When	   placed	   into	   acidic	   water	   of	   pH	   3.5	   in	   the	   presence	   of	   urea	  
(0.45	  mol	  dm-­‐3),	  a	  urease	  (20	  g	  L-­‐1)	  and	  pH	  indicator	  dye	  containing	  
hydrogel,	   in	   the	   form	  of	   leaves	   on	   an	   inactive	   jelly	   tree,	   evidently	  
generate	   a	   pH	   increase	   in	   excess	   of	   7.6,	   as	   determined	  by	   the	  pH	  
colorimetric	   indicator	   bromothymol	   blue	   (see	   figure	   3	   and	  
supporting	  video).	  We	  are	  able	  to	  quantify	  this	  change	  in	  colour	  by	  
measuring	   the	  hue	  angle	  of	   the	   corresponding	  HSL	  histogram	  of	  a	  
line	  scan	  from	  one	  of	  the	  leaves.	  The	  leaf	  starts	  with	  a	  hue	  angle	  of	  
ca.	  65°,	  corresponding	  to	  a	  yellow	  colour,	  and	  finishes	  with	  an	  angle	  
of	  ca.	  220°,	  that	  of	  the	  colour	  blue	  (N.B.	  the	  hue	  is	  the	  angle	  around	  
the	   central	   vertical	   axis	   of	   an	   HSL	   cylindrical	   coordinate	  
representation	   of	   a	   colour.	   The	   indicator	   bromothymol	   blue	  
changes	   colour	   with	   pH,	   and	   as	   we	   are	   able	   to	   track	   this	  
numerically,	  we	  are	  able	  to	  quantify	  its	  colour).	  As	  graph	  A	  of	  figure	  
3	   shows,	   the	   colour	   change	   starts	   at	   the	   outside	   of	   the	   leaf	   and	  
progresses	   inwards,	  as	  urea	  diffuses	   into	  the	  object.	  By	  comparing	  
the	  hue	  angle	  over	  time	  at	  different	  points	  across	  this	  line	  scan,	  the	  
change	  of	   colour	   over	   time	   is	   observed,	   as	   in	   graph	  B	   of	   figure	   3.	  
This	   curve	   is	   indicative	  of	   the	  pH	   increase	  over	   time	  generated	  by	  
the	  activity	  of	  urease.	   	  As	  figure	  3	  shows,	  this	  response	   is	  not	  only	  
time	  programmed,	  but	  also	  spatially	  programmed.	  By	  having	  a	  non-­‐
uniform	  distribution	  of	  urease	  across	  the	  hydrogel	  structure,	  we	  are	  
able	  to	  create	  a	  single,	  millimetre-­‐sized	  soft	  object	  with	  anisotropic	  
behaviour	  when	  exposed	  to	  a	  single	  stimulus.	  	  
In	   Generation	   2	   systems,	   we	   utilise	   this	   temporal	   and	   spatial	  
programming	   in	   the	   selective	   and	   coordinated	   disintegration	   of	   a	  
hydrogel	  object	  (see	  figure	  1),	  paired	  in	  some	  cases	  with	  the	  release	  
of	   oil	   droplets.	   We	   achieve	   this	   by	   adding	   the	   sodium	   salt	   of	  
ethylenediaminetetraacetic	   acid	   (EDTA)	   to	   the	   hydrogel	  
environment	   as	   a	   chelating	   agent	   for	   calcium	   ions,	   acting	   as	   a	  
dormant	  Ca2+-­‐sink.	  Objects	  are	  placed	  into	  an	  aqueous	  environment	  
containing	   both	   EDTA	   and	   urea	   set	   at	   a	   pH	   value	   of	   3.50.	   EDTA	  
binds	  Ca2+	   ions	   best	   at	   high	  pH,	  when	   all	   6	   of	   its	   donor	   groups	   (4	  
carboxylic	  acid	  groups	  and	  2	  nitrogens)	  are	  ionized.	  At	  a	  pH	  of	  7.5,	  
only	  a	  fraction	  of	  the	  EDTA	  is	  in	  this	  ionized	  form	  and	  its	  affinity	  for	  
Ca2+	  ions	  is	  reduced.	  As	  the	  pH	  is	  lowered	  further,	  the	  affinity	  of	  this	  
chelator	   continues	   to	   decreases.36	   This	   was	   verified	   by	   enzyme	  
loaded	  hydrogel	  objects	   into	  an	  EDTA	   solution	  of	  pH	  3.50	  without	  
urea.	  Without	   the	   ability	   to	   raise	   its	   pH,	   it	   remained	   intact	   over	   a	  
period	   of	   at	   least	   14	   days.	   These	   ionically	   cross-­‐linked	  objects	   are	  
stable	   for	   months	   in	   the	   absence	   of	   EDTA.	   Upon	   a	   pH	   increase	  
inside	   and	   in	   close	   proximity	   of	   the	   object	   (as	   a	   result	   of	   the	  
programmed	   enzymatic	   reaction),	   EDTA	   transitions	   to	   its	   Ca2+	  
chelating	   form	  and	   thus	  promotes	   cation	  exchange.	  This	   results	   in	  
the	   eventual	   disintegration	   of	   the	   alginate-­‐gel	   matrix	   and	  
subsequent	  release	  of	  any	  entrapped	  oil	  droplets.	  
To	   recap	   this	   system	   (also	   summarised	   in	   figure	   1),	   the	   object	  
converts	  urea,	  the	  fuel,	  to	  ammonia,	  due	  to	  the	  inclusion	  of	  urease	  
in	   its	   structure.	   After	   a	   defined	   time	   period,	   dependent	   on	   the	  
concentration	  of	  urease,	  the	  object	  generates	  a	  local	  increase	  in	  pH.	  
Partially	   protonated	   ethylenediaminetetraacetic	   acid	   (EDTA)	   is	  
present	   in	   the	   low	  pH	  (3.50)	  environment.	  As	   the	  pH	  of	   the	  active	  
sites	  on	  the	  hydrogel	  object	  increases	  locally,	  EDTA	  is	  deprotonated	  
locally	  and	  chelation	  of	  calcium	  ions	  results	  in	  a	  loss	  of	  cross-­‐linking	  
and	   disintegration	   of	   the	   object,	   as	   well	   as	   the	   release	   of	   oil	  
droplets	  if	  they	  are	  present.	  
Figure	   4	   and	   the	   supporting	   video	   demonstrate	   time	   and	   spatial	  
programming	  in	  a	  millimetre-­‐sized	  soft	  object	  that	  make	  use	  of	  this	  
autonomous,	   enzyme-­‐powered	   system	   when	   exposed	   to	   a	   fuel	  
source	   of	   urea.	  A	   5	   wt.	   %	   alginate	   skeleton	   has	   1	   wt.	   %	   alginate	  
leaves	  attached	  to	  it	  that	  contain	  a	  coloured	  emulsified	  oil	  (Oil	  Red	  
O	   in	   vegetable	   oil)	   and	   urease	   at	   a	   concentration	   of	   20	   g	   L-­‐1.	  
Introduction	  to	  an	  EDTA	  and	  urea	  environment	  causes	  the	  leaves	  to	  
Figure	  5	  A	  continuous	  soft	  object	  containing	  three	  distinct	  regions	  of	  different	  
enzyme	   concentrations	   is	   immersed	   in	   an	   EDTA/urea	   environment	   (0.1	   and	  
0.45	  mol	   dm-­‐3,	   respectively)	  at	   pH	  3.5.	  Due	   to	   local	  pH	   increases,	   segment	   1	  
containing	  emulsified	  blue	  oil	  droplets	  and	  20	  g	  L-­‐1	  urease,	  disintegrates	  first,	  
followed	  by	   segment	   2	   that	   contains	   emulsified	   red	  oil	   droplets	   and	  10	   g	   L-­‐1	  
urease,	  and	  then	  segment	  3	  that	  contains	  emulsified	  yellow	  oil	  droplets	  and	  5	  
g	  L-­‐1	  urease.	  See	  supporting	  video	  for	  the	  full	  sequence.	  Scale	  bar	  =	  1	  cm.	  
Figure	   4	   A	   hydrogel	   tree	  branch	   is	   formed	   from	  an	   inactive	  branch	   structure	  
(clear,	  no	  urease)	  and	  active	  leaves	  (red	  emulsified	  oil	  droplets,	  20	  g	  L-­‐1	  urease).	  
When	   immersed	   in	   an	   EDTA/urea	   environment	   (0.1	   and	   0.45	   mol	   dm-­‐3,	  
respectively)	   at	   pH	   3.5,	   the	   leaves	   disintegrate	   to	   leave	   a	   naked	   tree	   branch	  
due	  to	  local	  pH	  increases.	  See	  supporting	  video	  for	  the	  full	  sequence.	  Scale	  bar	  
=	  1	  cm.	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disintegrate	  and	  ‘fall	  off’	  the	  tree,	  thus	  decreasing	  the	  object’s	  size	  
and	   changing	   its	   shape.	   Disintegration	   of	   the	   leaves	   results	   in	   the	  
release	   of	   the	   emulsified	   oil,	   the	   droplets	   of	   which	   are	   no	   longer	  
stabilised	  once	  liberated	  from	  the	  alginate	  matrix.	  All	  11	  leaves	  start	  
to	   disintegrate	   at	   the	   same	   time,	   marked	   by	   the	   release	   of	   oil	  
droplets	   at	   220	   seconds,	   and	   all	   disappear	   at	   approximately	   the	  
same	   time	   (see	   supporting	   video).	   This	   design	   concept	   allows	   for	  
the	  generation	  of	  a	  soft	  object	  that	  is	  programmed	  to	  change	  shape	  
over	  time,	  thus	  allowing	  it	  to	  exist	  in	  more	  than	  one	  form	  during	  its	  
lifetime.	   In	   this	   example,	   the	   enzyme	   concentration	   builds	   in	   a	  
dormancy	   period	   prior	   to	   objects	   transformation,	   the	   length	   of	  
which	   is	   determined	   by	   the	   concentration	   of	   urease	   at	   a	   fixed	  
concentration	  of	  urea.	  As	  a	   result,	   a	   single	  destabilisation	  event	   is	  
observed	  for	  all	  regions	  containing	  a	  single	  urease	  concentration.	  If,	  
however,	  a	  single	  object	  contains	  three	  distinct	  regions	  of	  different	  
urease	   concentrations,	   it	   will	   respond	   at	   three	   pre-­‐defined	   time	  
intervals	  in	  response	  to	  one	  urea	  stimulus.	  
Figure	  5	  and	  the	  supporting	  video	  show	  a	  composite	  gel	  object	  with	  
regions	  that	  contain	  urease	  at	  a	  concentration	  of	  20,	  10	  and	  5	  g	  L-­‐1,	  
and	   blue,	   red	   and	   yellow	   oil	   droplets,	   respectively.	   Following	   the	  
introduction	   of	   the	   object	   to	   an	   EDTA	   and	   urea	   environment,	   the	  
object	   sequentially	   disintegrates	   region	   by	   region	   (figure	   5	   and	  
supporting	  video).	  At	  160	  seconds,	  the	  first	  segment,	  containing	  20	  
g	   L-­‐1	   urease,	   starts	   to	   disintegrate.	   This	   is	   followed	   by	   the	   second	  
segment,	  containing	  10	  g	  L-­‐1	  urease,	  at	  300	  seconds,	  and	  finally	  the	  
third	   segment,	   containing	   5	   g	   L-­‐1	   urease,	   at	   780	   seconds.	   These	  
three	  segments	  have	   fully	  disintegrated	  after	  550,	  1110,	  and	  4140	  
seconds,	   respectively,	   releasing	   their	   oil	   droplets	   in	   the	   process.	  
Reducing	   the	   urease	   concentration	   both	   increases	   the	   dormancy	  
period	   before	   material	   decomposition	   and	   the	   length	   of	   the	  
decomposition	   time	   for	   a	   given	   region	   in	   the	   object.	   This	   clearly	  
demonstrates	  that	  one	  object	  can	  be	  programmed	  to	  exhibit	  three	  
distinct	  responses	  with	  both	  spatial	  and	  temporal	  programming.	  	  	  	  	  
Conclusions	  
In	   conclusion,	   we	   demonstrate	   the	   design	   and	   fabrication	   of	  
continuous	   soft	   hydrogel	   objects	   that	   are	   programmed	   to	  
spatially	  and	  temporally	  respond	  to	  the	  environmental	  cue	  of	  a	  
fuel	  source,	  urea.	  The	  enzyme	  urease	  provides	  the	  objects	  with	  
in-­‐built	   time-­‐programming,	   allowing	   the	   objects	   to	   produce	  
their	   own	   local	   pH	   fields	   after	   pre-­‐defined	   time	   periods	   by	  
means	   of	   varied	   enzyme	   concentrations.	   	   By	   controlling	   the	  
distribution	   of	   the	   enzyme	   urease	   across	   the	   body	   of	   the	  
object,	   regions	   of	   the	   object	   selectively	   disintegrate	   upon	  
activation	   of	   the	   enzyme.	   This	   results	   in	   an	   object	   with	  
autonomous	   control	   over	   its	   response	   to	   an	   environmental	  
stimulus.	   Such	   a	   material	   is	   valuable	   in	   the	   design	   and	  
fabrication	  of	  entirely	  soft	  robots,	  offering	  a	  way	  to	  selectively	  
build	  responsive	  characteristics	  into	  entirely	  soft	  objects.	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